High-speed constant force imaging with the atomic force microscope ͑AFM͒ has been achieved in liquid. By using a standard optical lever AFM, and a cantilever with an integrated zinc oxide ͑ZnO͒ piezoelectric actuator, an imaging bandwidth of 38 kHz has been achieved; nearly 100 times faster than conventional AFMs. For typical samples, this bandwidth corresponds to tip velocities in excess of 3 mm/s. High-speed AFM imaging in liquid will ͑1͒ permit chemical and biological AFM observations to occur at speeds previously inaccessible, and ͑2͒ significantly decrease measurement times in standard AFM liquid operation.
I. INTRODUCTION
One of the advantages of the atomic force microscope ͑AFM͒ is its ability to image a wide range of samples in a wide range of environments. Imaging in liquids offers the potential to investigate biological samples in their physiological environment as well as eliminate capillary forces between the tip and the sample.
1, 2 Lindsay et al., 3 Weisenhorn et al., 4 Butt et al., 5 and many more, 6 have shown that nanometer scale resolution on biological samples can be achieved in physiological conditions.
Contact mode AFM operation involves scanning a tip over a surface such that the tip and sample are continuously in contact. The contact mode of imaging is subdivided into two modes: Constant height imaging and constant force imaging. In constant height imaging, the tip remains at a fixed height relative to the sample, but the force between the tip and the sample vary with topography. Variation of the tip/ sample force can cause unwanted imaging artifacts as well as premature tip wear. Imaging in the constant height mode is a special problem with soft samples, where vertical forces can cause deformation, and shear forces can sweep delicate samples completely off a surface. 7 These problems can be minimized by maintaining a constant force on the sample to insure reliable contact mode AFM operation.
In the constant force mode of imaging, the deflection of the cantilever, and hence the force applied to the surface, is kept fixed. This is accomplished by monitoring the deflection of the AFM cantilever, and using that signal in a feedback loop to control the vertical position of the sample. In this configuration, the tip, and the force applied by the tip, remain fixed while the sample scans in three dimensions beneath the tip. In most AFMs, the three dimensional scanner is a conventional piezotube. The tube bends laterally to perform the x -y scan, and extends vertically in the z direction to maintain the constant force on the tip. The conventional constant force mode AFM operates as follows: As the cantilever scans over a surface, its deflection produces a signal representing a deviation from constant force ͑an error signal͒. This signal is directed through a proportional-integral-differential ͑PID͒ feedback circuit, amplified, and then sent to the piezotube z-axis actuator. The piezotube will move so as to follow the sample topography in order to restore the constant force, or return the error signal to zero.
One of the primary disadvantages of the AFM is the slow imaging speed. The speed of the AFM is limited by the speed of the PID control loop, which is in turn limited by the resonant frequency of the piezotube. Piezotubes commonly have resonant frequencies of a few hundred hertz. For most samples, a bandwidth of a few hundred hertz corresponds to scan speeds of a few tens of microns per second. At this rate, a single moderately sized 512ϫ512 pixel image can take several minutes to acquire. Observing biological and chemical processes that occur on time scales faster than this are beyond the reach of AFM systems based on piezotubes.
High speed imaging has become a hallmark advance in constant force AFM operation. One of the main techniques to increase the speed of the AFM is to replace the primary feedback actuator ͑the slow piezotube͒ with a smaller, faster actuator. MEMS integration of a piezoelectric actuator onto the cantilever has been an approach that several groups have used. [8] [9] [10] [11] Manalis et al. 12 have achieved tip speeds of up to 1 cm/s by integrating a thin layer of zinc oxide ͑ZnO͒ on the base of a cantilever while measuring deflection with a standard optical lever system. However, up to now, high speed operation in contact mode has been limited to operation in air. Viani et al. 13 have used small cantilevers with high resonant frequencies to obtain fast images of biopolymers in liquid using the tapping mode. Lee et al. 14 used an integrated piezoelectric actuator in fluid to drive a cantilever into resonance and sensed deflection by measuring current to the actuator. This method proved useful for intermittent contact mode imaging, although the bandwidth was unsuitable for high speed operation. 
II. EXPERIMENT
A schematic of the system used for this work is shown in Fig. 1 . The silicon cantilever consists of a piezoelectric ZnO/ silicon bimorph. This bimorph forms the integrated actuator. The actuation occurs when a voltage is applied to the ZnO electrodes. The electric field expands or contracts the ZnO in proportion to the field; this creates stress between the piezoelectric and the silicon which is relieved by bending. The device used here has been described previously. 15 During imaging, the cantilever is bent to follow the sample topography by applying a voltage to the ZnO electrodes that is proportional to the tip-sample force signal, as detected with an optical lever. The voltage signals are sent from the PID control amplifier to the cantilever holder, through a coaxial cable. The holder connects to the cantilever's die through wire bonds. On the cantilever die, the wire bonds connect to thin film metal traces that extend to the ZnO actuator.
A drop of liquid is inserted between the sample and the fluid cell so that the cantilever is completely immersed in the liquid. The ZnO actuator, the traces along the cantilever die, and the wire bonds from the die to the cantilever holder all must be passivated to protect the electrical signals from short circuiting through the fluid. Several materials for passivation were used including spray coated Teflon, poly͑methyl-methacrylate͒ electron resist, and poly-dimethylsiloxane ͑PDMS͒ elastomer. 16 We found the best results to be ob-
The transfer function of a freely vibrating ZnO cantilever in both air and water. The resonance is both damped and shifted to a lower frequency by the more viscous liquid environment. The Q changes from 110 to 3 and the frequency shifts from 56 to 35 kHz. The drive amplitude was 100 mV peak to peak, and the photodiode was filtered to a 1 MHz bandwidth. tained by passivation with the PDMS elastomer. The elastomer was applied by dipping the holder, die, and the cantilever's actuator directly into the elastomer. Micromanipulators were used to ensure that the entire actuator region was covered, while leaving the tip region uncovered. We found the passivation to hold up well in both pure water and ionic solutions, as long as the elastomer completely covered the actuator region. Figure 2 shows the transfer function of the freely vibrating ZnO cantilever in air and in water. In air, the resonant frequency is 56 kHz with a Q of 110. In liquid, we expect a lower resonant frequency due to the increased damping effect of water. 17 In liquid the resonance drops to 35 kHz and the Q to 3. A particularly advantageous result from using an integrated actuator in liquid is that the system's response shows none of the spurious peaks associated with external drives. 18 The bandwidth of the system is determined by the actuator's ability to follow a modulation of the setpoint while the tip is in contact with a surface. In Fig. 3 we plot the closed loop frequency response of the ZnO cantilever in feedback. When we set the phase margin at 45 degrees, the bandwidth of the system is 38 kHz, almost 100 times that of a piezotube ͑typically 600 Hz͒. The minimum detectable distance is 0.3 Å in a 12 kHz bandwidth; showing no loss of resolution for the high speed system. Two high speed images taken in water are shown in Figs. 4͑a͒ and 4͑b͒. The images were taken by raster scanning the sample using a 1 in. long piezotube. Figure 4͑a͒ is a one micron scan of the surface of gold. The scan rate was 400 Hz corresponding to a tip speed of 0.8 mm/s. The grains of gold, with a height of under 5 nm, are approximately 50 nm across. This high resolution ͑512ϫ512 pixels͒ image was acquired in just over one second. Figure 4͑b͒ is a 200 nm grating with a 10 m pitch taken with a scan size of 30 microns at a scan rate of 55 Hz ͑3 mm/s tip speed͒.
III. RESULTS AND DISCUSSION
For images containing 200 lines, a scan rate of 400 Hz allows two frames to be acquired each second. At this refresh rate, we were able to center and zoom in on a single feature with real time feedback. Although our servo loop will operate with faster tip speeds, a mechanical resonance in our x -y scanner limits the scan rate. The ability to acquire several images every second allows the possibility of real-time nanometer scale biological and chemical imaging.
